In this review, we address the role of stress as one of the principal causes for a cell or tissue to change its preexisting somatic program, reprogramming itself to express the embryogenic pathway. The focus of this paper is the effect of different stress conditions on the *Corresponding author induction phase of plant somatic embryogenesis, as well as the development of embryogenic competence as a result of the applied stresses. We also present a variety of data that link plant somatic embryogenesis, DNA methylation and oxidative stress response.
Asexual reproduction is fairly common in plants, allowing them to survive in their natural habitats completely independent of pollinating vectors. Two types of asexual reproduction are recognised, in both the offspring are typically genetically identical to their parent. First, vegetative reproduction is the asexual reproduction of an individual (genet), which developed originally from a zygote into physiologically independent units (ramets). Second, agamospermy or apomixis refers to the production of fertile seeds without sexual fusion of gametes (Traveset, 1999) . At least 400 species in 40 families are encountered, including the Poaceae, Asteraceae, Rosaceae and Rutaceae. In addition to agamospermy, it is possible to induce somatic embryogenesis (SE) from in vitro cultured plant cells. According to Fehér (2005) , this phenomenon demonstrates two important aspects of plant embryogenesis: namely (1) that the fertilization trigger can be substituted by endogenous mechanisms, and (2) that in higher plants other cell types, in addition to the fertilized egg cell, can maintain or regain the capability for embryogenic development. Fehér et al. (2003) considered this to be one of the most extreme examples of flexibility in plant development. SE may arise naturally from isolated somatic cells, as has been observed in Kalanchoe where somatic embryos form spontaneously on the edge of leaves, or in vitro after experimental induction. The latter requires the induction of embryogenic competence in cells which are not naturally embryogenic (Dodeman et al. 1997 ). SE induction is only possible if somatic plant cells regain their totipotency and acquire the competence necessary to respond to embryogenic signals and initiate embryogenesis (Pasternak et al. 2002) .
The sequence of events for SE as a morphogenic phenomenon is frequently expressed as discrete phases or steps. These phases are characterized by distinct biochemical and molecular events (Suprasanna and Bapat, 2005) . Thus, the more closely the pattern of somatic embryo gene expression matches that of zygotic embryos, the greater the chance of obtaining highly efficient regenerative systems (Merkle et al. 1995) . There is, nevertheless, no international agreement amongst authors regarding the terminology for each step and the associated species. The first phase of SE is the induction stage in which differentiated somatic cells acquire embryogenic competence either directly (without a dedifferentiation step) or indirectly (by dedifferentiation and usually involving a callus phase). After the appropriate stimulus, this phase is followed by the expression or initiation of SE in which competent cells or proembryos start developing. Finally, during maturation, somatic embryos anticipate germination by desiccation and reserve accumulation (Jiménez, 2001) . SE must therefore consist of replacement of the existing pattern of gene expression in the explant tissue for a new embryogenic gene expression program (Chugh and Khurana, 2002; Zeng et al. 2007) . This is only possible if the cells are both competent and receive the appropriate inductor stimuli.
Embryogenic competence is expressed at the level of the single cell and these cells are capable of differentiating into embryos if they receive inducers of differentiation (Fehér, 2005) . These competent embryogenic cells have specific characteristics, such as early activation of the division cycle, more alkalic vacuolar pH, an altered auxin metabolism, and a non-functional chloroplast (Pasternak et al. 2002) .
The signals inducing competence and triggering embryogenic development are not easy to separate. Cellular competence is associated with the dedifferentiation of somatic cells that allows them to respond to new developmental signals (Potters et al. 2007 ). Fehér (2005) described the morphological and physiological aspects that distinguish embryogenic from non-embryogenic cells.
Two categories of inductive conditions which allow differentiated cells to develop into competent dedifferentiated cells are now recognized, these are: plant growth regulators (PGRs) (internal and/or external cellular levels) and stress factors (osmotic shock, culture medium dehydration, water stress, heavy metal ions, alterations of culture medium pH, heat or cool shock treatments, hypoxia, antibiotics, ultraviolet radiation, and mechanical or chemical treatments) (Yu et al. 2001; Ikeda-Iwai et al. 2003; Aoshima, 2005; Fehér, 2005; Patnaik et al. 2005; Karami et al. 2006; Begun et al. 2007; Potters et al. 2007; Lincy et al. 2009 ). There is ample evidence that the PGRs act as central signals to reprogram somatic cells towards embryogenic pathways (Pasternak et al. 2002; Fehér et al. 2003; Gaj, 2004; Fehér, 2005; Jiménez and Thomas, 2005; Thomas and Jiménez, 2005 ). Studies at the molecular level support the correlation of PGRs with the control of chromatin remodeling and gene expression during induction of SE (Dudits et al. 1995; Fehér, 2008) , as well as their involvement throughout the SE process. Auxins are considered to be the most important PGRs that regulate SE induction. The endogenous content and the application of exogenous auxins are both determining factors during the induction phase (Thomas and Jiménez, 2005) . For a couple of reasons, the internal hormone content appears to be an inadequate marker of embryogenic potential. First, the internal hormone levels are extremely variable in competent cells of different genotypes and species. Second, in the same experiment, very few differences were observed between competent and noncompetent genotypes. For these reasons, other factors must be involved in determining the competence of explants (Jiménez and Thomas, 2005) .
Based on the wide variation of inducers, SE cannot be defined as a specific response to one or more exogenously applied PGRs. On the contrary, these observations indicate that stress plays a critical role as an embryogenic stimulus.
The aim of this review is to summarize research works related to the involvement of stress in the induction of plant SE and also to emphasize the diversity of the stressors that could be used to change the predetermined somatic programme and express the totipotency of the plant cells through SE. Numerous publications about the molecular mechanisms involved in the stress-induced signalling of SE are now emerging, of which just a few are cited here, this justify that the authors are preparing a second part to complete the information presented.
STRESS AND SOMATIC EMBRYOGENESIS
In recent years, considerable attention has been devoted to the way stress affects plants and how plants actually respond to stressful conditions. Kacperska (2004) defined stress as "potentially adverse environmental conditions (stressors) that affect plant growth and development and trigger a wide range of responses, from altered gene expression and modification in cellular metabolism to change in growth rate and crop yield". In an opinion paper recently published, Potters at al. (2007) explained that stress-induced morphogenic response in plant cells could be summarised as: inhibition of cell elongation, localized stimulation of cell division and alteration of the cell differentiation status. These general cell responses were found to be the same independently of the type of stress.
In vitro culture conditions represent an unusual combination of stress factors that plant cells encounter (e.g. oxidative stress as a result of wounding at excision of the explant tissue, PGRs, low or high salt concentration in solution, low or high light intensities). The stress associated with in vitro induction of SE may result in an overall stress response as expressed as chromatin reorganization. An extended chromatin reorganization is believed to cause an 'accidental' release of the embryogenic program, the latter normally being repressed by a chromatin-mediated gene silencing mechanism (Fehér, 2005 ). An increasing number of studies (Steward et al. 2002; Williams et al. 2003; Law and Suttle, 2005) demonstrate that release of the SE is unlikely to be 'accidental'. On the contrary, highly organized patterns of deoxyribonucleic acid (DNA) methylation/demethylation and histone acetylation/deacetylation have been observed during cellular dedifferentiation/differentiation stages. Direct evidence for changes of DNA methylation during SE is well documented (Santos and Fevereiro, 2002; Chakrabarty et al. 2003; Leljak-Levanic et al. 2004 ). However, the ability of in vitro cultures to generate embryos is limited to a group of cells or a discrete zone of embryogenic callus (Quiroz-Figueroa et al. 2006) .
Pronounced changes in the cellular environment may generate stress effects, such as exposing wounded cells or tissues to sub-optimal nutrient or PGRs. Response to these applied stresses depends on the level of stress and the physiological state of the cells. High stress may cause the cells to die if they are unable to tolerate this stress level. Other effects of stress are associated with adaptation mechanisms, such as cell reprogramming and cell modification in the physiological and metabolic pathways (Pasternak et al. 2002) . Stress not only promotes dedifferentiation but can also induce somatic embryo formation.
In carrot (Daucus carota), a model plant for SE, stress treatment on the PGR-free medium induces SE in the presence of different chemicals such as 0.7 M sucrose, 0.3 M NaCl or 0.6 mM CdCl Harada et al. 1990; Kiyosue et al. 1990; Kamada et al. 1993) .
A stressful cool pre-treatment at 2ºC for 3 days on activated charcoal and the presence of minimal concentrations of Ca 2+ was necessary to induce white mucilaginous embryogenic tissue derived from shoots apices in mature Pinus patula (Malabadi and van Staden, 2006) . More recently Lincy et al. (2009) found that a period of stress caused by dehydration was favourable to induce SE from callus cultures of ginger (Zingiber officinale). Direct SE was observed from the aerial stem and leaf base explants of ginger with the use of thidiazuron alone or in combination with indole-3-butyric acid (IBA), yet embryogenic calli were obtained only in cultures not subcultured for 40-60 days.
In Arabidopsis, a member of the mustard family, stress was the most important factor controlling induction of somatic embryos. Osmotic, heavy metal ions and dehydration stresses induced formation of somatic embryos (Ikeda-Iwai et al. 2003) . These authors concluded that the duration of stress treatment was the most important factor and that the optimum stress treatment differed among different stressors. At least five interactive critical factors were recognised, including tissue origin, the developmental phase of the source plant, origin of the stress, stress due to chemical concentration and duration of stress treatment. Akula et al. (2000) investigated the role of various osmotic compounds as well as abscisic acid (ABA) in the induction phase of SE in tea (Camellia sinensis). Addition of betaine to the induction medium significantly enhanced the rapid formation of somatic embryos, without callusing, of mature fresh seeds of tea within two weeks of culture initiation. The induction response was further enhanced when ABA (7.5 mgl -1 ) was co-supplemented with betaine in the induction medium. The rate of induction of SE increased linearly with external betaine concentration, thus confirming that the induction response by betaine was manifested as an osmotic rather than a nutrient factor. Betaine is known to serve as a nitrogen source when it is supplied in low concentrations, and to act as an osmolyte at higher concentrations. Present results, therefore, support previous studies which indicate that mild osmotic stress is responsible for driving regeneration. Fehér et al. (2003) suggested that 2,4-dichlorophenoxyacetic acid (2,4-D) functions as a stress chemical as well as an auxin. They pointed out that "if we could answer the question why this synthetic auxin is so efficient in this respect, we may get closer to understanding the processes underlying the induction phase of SE". In carrot SE 2,4-D is required for the initiation of a program that can proceed further on its own, while the removal of 2,4-D from the induction medium may be important to control the cellular polarity, which is one of the first cytological event in the initiation phase. For this reason 2,4-D not only mimics auxins (concentration-dependent mode of action) (Raghavan et al. 2006 ) but also, may preferentially induce stress responses in plant cells similar to other stress conditions (Grossmann, 2000) .
Early stages of SE are characterized by the induction of many stress-related genes (Davletova, 2001) leading to the hypothesis that SE is an extreme stress response of cultured plant cells (Dudits et al. 1995) .
ABA is believed to act as a "stress hormone" in plants, and in some experimental systems has been reported to induce SE (Charriére et al. 1999; Nishiwaki et al. 2000; Senger et al. 2001) . Induction of carrot SE by ABA and stress treatments show that the endogenous levels of ABA increased in response to stress treatments, up to 67.5 times higher than non-embryogenic cells that had lost the ability to form somatic embryos (Kiyosue et al. 1992; Kikuchi et al. 2006) . The hypothesis that stress-induced accumulation of endogenous ABA is involved in the induction of carrot SE, as well as the significance of ABA when somatic cells of carrot acquire the embryogenic competence was proved on the basis of C-ABI3 expression. ABI gene family member 3 (ABI3) is a gene involved in seed-specific signal transduction of ABA and expressed also in embryogenic tissue with positive correlation with embryogenic cell proteins (ECPs). The acquisition of embryogenic competence in the stress-induced system of carrot increased linearly during stress-treatment periods from 1 to 4 weeks. Kikuchi et al. (2006) suggested that there is a clear separation of two phases in the stress induction system: namely, acquisition of embryogenic competence and formation of the somatic embryos. In contrast, the endogenous level of ABA reached a peak within 1 week of the stress treatment, after which it gradually decreased through the rest of the stress treatment. The expression of C-ABI3 in explants exposed to stress for 4 days indicated that ABA signal transduction might be active during the early stages of stress treatment. They concluded that somatic cells acquire embryogenic competence during stress. The stresses and the appearance of ABA were both essential for the acquisition of the embryogenic competence. They also indicated that no PGR application was needed in a stress-induction system for SE.
Oxidative stress
An increasing number of publications link reactive oxygen species (ROS) and SE. Oxidative stress-inducing compounds increase the cell endogenous auxin levels and promote dedifferentiation (Pasternak et al. 2002; CorreaAragunde et al. 2006) . Kairong et al. (2002) suggested that plant SE is a special cell differentiation process and established a link or "partial overlapping" of ROS and cell differentiation. Working with the wolfberry shrub Lycium barbatum, Kairong et al. (2002) established a correlation between hydrogen peroxide (H 2 O 2 ) treatment and the induction effect for SE. Their results also showed that the superoxide dismutase (SOD) activity gradually increased in the early days of differentiation culture, and then gradually decreased with further division and development of multicellular embryos. H 2 O 2 , generated by various environmental and developmental stimuli, can act as a signalling molecule that regulates plant development, stress adaptation, and programmed cell death (PCD) (Apel and Hirt, 2004) . Thus H 2 O 2 acts as a cellular second 'messenger' capable of inducing gene expression and protein synthesis, and promoting SE. Another experimental result showed that H 2 O 2 could regulate gene expression of the cell oxidative response at transcription level, thus regulating antioxidant enzymes as SO. In an extended review of the signal transduction during oxidative stress, Vranová et al. (2002) inferred that while cell-cycle progression is under negative control of ROS, H 2 O 2 stimulates SE. According these authors, the role of ROS in plant growth and development requires further investigation. H 2 O 2 is a well-known product of oxidative stress and plays multiple roles in plant physiology. H 2 O 2 belongs to the class of ROS produced in photosynthetic tissues, mitochondria, and also in the cytosol under certain stress conditions, such as cold, drought, salt stress or pathogen attack. Kovtun et al. (2000) showed that H 2 O 2 is a potent activator of mitogen-activated protein kinases (MAPKs) in Arabidopsis leaf cells. They found that H 2 O 2 can activate a specific kinase, Arabidopsis NPK1-like protein kinase (ANP1), which initiates a phosphorylation cascade involving two stress MAPKs, AtMPK3 and AtMPK6. Constitutively active ANP1 mimics the H 2 O 2 effect and initiates the mitogen-activated protein kinase (MAPK) cascade that induces specific stress-responsive genes, but it blocks the action of auxin, a plant mitogen and growth hormone. These observations provide a molecular link between oxidative stress and auxin signal transduction. Ötvös et al. (2005) , working with alfalfa cell culture, also showed that H 2 O 2 and Nitric oxide (NO) have a promoting effect on SE. NO stimulates the activation of cell division and embryogenic cell formation in leaf-protoplast cells of alfalfa, in the presence of auxins. So cells regain the ability to divide during dedifferentiation, and then to redifferentiate into embryogenic cells. However, they did not find that NO was required for the progression of the embryogenic pathway. Some aspects of the downstream events of the putative NO-dependent signalling cascade, leading to mitotic activation of auxin, needs to be investigated. Pasternak et al. (2002) attempted to provide more evidence that stress reactions were involved in the process of SE. In their experiment with alfalfa leaf protoplast-derived cells, increased Fe as ferric ethylenediaminetetraacetic acid (Fe-EDTA) (1 x 10 -3 M) resulted in the development of the same cell morphology as in the case of the medium with 2,4-D (10 µM). Fe-EDTA treatment increased the activity of ascorbate peroxidase (AP), a scavenger of H 2 O 2 , indicating an oxidative stress response in the cells. Similar results were derived from other oxidative stress-inducing agents such as copper, menadione, paraquat or alloxan; applied at non-lethal concentrations these agents appeared to promote both, cell division and embryogenic cell formation under non-embryogenic conditions (Pasternak et al. 2002; Ötvös et al. 2005) . They postulated that parallel activation of auxin and stress signalling may be a key event in cellular adaptation, reprogramming of gene expression patterns, cellular metabolism and physiology, resulting in totipotency and embryogenic competence acquisition of plant somatic cells.
The hypothesis that SE is a specific form of stress response related to an adaptation process is supported by experiments which show that a heat-shock system is involved in the developmental reprogramming. Furthermore, some common elements of auxin and heatshock response are predicted from molecular studies (Pitto et al. 1983) . Recent evidence supports the idea that stress response, oxidative stress and SE may be related. For example, Ganesan and Jayabalan (2004) showed that addition of haemoglobin to the culture medium increased SE efficiency in cotton, especially in cultures treated with 400 mgl -1 of haemoglobin, by increasing the oxygen level and inducing stress in the growing tissues. Increased levels of antioxidant enzyme activity, such as SOD and peroxidase, indicate that excess oxygen uptake and stressed condition of plant tissue resulted from haemoglobin supplementation. This increased oxygen uptake and haemoglobin-mediated stress apparently accelerated SE in cotton.
MAPK cascades may link auxin signalling to oxidative stress responses and cell cycle regulation (Hirt, 2000; Neil et al. 2002) . Activation of MAPKhas also been involved in stress-related ABA signalling (Knetsch et al. 1996) . It thus appears likely that the primary function of downstream regulatory proteins, such as MAPKs, is to bridge the gap in embryogenesis induction of different types of cells.
Stress factors have been observed to trigger reprogramming of microspores into embryos (Maraschin et al. 2005) . The authors postulated that many stress factors may be responsible for reprogramming microspores into embryos, suggesting that initiation of androgenesis might be induced by converging signalling pathways. Although different stress signals may trigger the same downstream pathway, analogous situations may also be found during the induction of SE.
DNA methylation
In 1994, Phillips et al. (1994) reviewed the genetic instability related to tissue culture, suggesting that the changes observed at the genetic level were most likely due to a stress-response mechanism. The relevant mechanism may be described as a programmed loss of cellular control. The most commonly observed plant tissue culture-imposed changes include: chromosome rearrangements, DNA methylation, and mutations. These authors associated 2,4-D and higher levels of other auxins, such as 1-naphthaleneacetic acid (NAA) and Indole-3-acetic acid (IAA), with increases in DNA methylation throught increased levels of methylated cytosines. Leljak-Levanic et al. (2004) , working with pumpkin embryogenic lines that were initiated on wounded zygotic embryos in a 2,4-D medium or in an auxin-free medium supplemented with NH 4 Cl (1 mM), found that high rates of DNA methylation correlated with early embryo development, and that the rate decreased during embryo maturation in an auxin-free medium. They suggested that the presence of 2,4-D as well as a low concentration of NH 4 Cl (the sole source of nitrogen in the PGR-free Murashige and Skoog (MS) medium) used in the culture system, might cause stress in the embryogenic culture and also that SE could be induced by stressful conditions through methylation changes. High levels of DNA methylation and early embryo development were not dependent exclusively on the presence or absence of exogenous auxin. However, the changes in chromatin structure were largely due to stresses caused by the in vitro conditions, and related especially to the PGRs. Furthermore, it is widely accepted that nitrogen supplied in the form of NH 4 + is harmful to many plant species (Von Wiren et al. 2000) . It has also been suggested that the embryogenic effect of 2,4-D probably derives from its methylating action on the nuclear DNA (De Klerk et al. 1997) . In fact, large amounts of 2,4-D are known to increase DNA methylation levels in carrot cultures (Kaeppler et al. 2000) . Sharma et al. (2007) believe that DNA methylation is an indispensable process for initiating SE, although it also has the undesirable effect of inducing somaclonal variation, which can persist in regenerated plants and be partly transmitted to their progeny.
According to Dudits et al. (1995) , during the process of cell dedifferentiation -callus formation and differentiation to somatic embryos, the nuclear DNA may undergo quantitative variations generated by amplification, underreplication, or elimination of specific sequences. In a study with soybean SE, Thibaud-Nissen (2003) , immature cotyledons were placed on high levels of the auxin 2,4-D. Somatic embryos developed from the adaxial side of the cotyledon, whereas the abaxial side evolved into a callus. Using a 9,280-cDNA clone array, they compared by steadystate RNA the adaxial side (somatic embryos) from the abaxial (callus formation), at five time points over the course of the 4 weeks. The genes found were grouped according to the similarity of their expression profiles. Their results indicate that the appearance of somatic embryos is preceded by dedifferentiation of the cotyledon during the first 2 weeks on auxin. The changes in mRNA abundance of genes characteristic of oxidative stress and genes indicative of cell division were found in the adaxial side of the cotyledons suggest that the arrangement of the new cells into organized structures might depend on a genetically controlled balance between cell proliferation and cell death.
Although not all of the intermediates of the auxin response are known, it is established that 2,4-D and light are able to induce an oxidative burst in the target tissue by generating ROS (Pfeiffer and Höftberger, 2001 ). The drastic changes in the cellular environment of the in vitro culture, induced by a 'stressor' in the culture medium or in the physical environment of the culture, are responsible for reprogramming of gene expression. In this context, the stress not only promotes dedifferentiation, but also induces somatic embryo formation (Fehér et al. 2003) . If MAPK phosphorylation cascades link oxidative stress responses to auxin signalling and cell cycle regulation, then other types of stress-oxidative-responses may also be associated with cell reprogramming. Stress-inducible cell signalling compounds, such as H 2 O 2 and NO, are known to induce AOX1 genes (Vranová et al. 2002) and SE (Kairong et al. 1999; Kairong et al. 2002) . Alternative oxidase lowers mitochondria ROS formation in plants cells. Thus the existence of a direct correlation between alternative oxidase (AOX) gene expression, stress responses and cellular reprogramming through the embryogenic pathway must be considered (Arnholdt-Schmitt et al. 2006) .
CONCLUDING REMARKS
Although fragmentary and difficult to unify, the experimental results covered in this review highlight some suggestions to explore the function of stress as a required condition for the induction of plant SE. Based on the examples presented, SE could be considered as a cell response to exogenously applied stressors. The review also links the embryogenic pathway induced by stress with oxidative burst and changes in cell metabolism, and suggests that the new embryogenic program could be facilitated through the establishment of less repressed chromatin structure. Nevertheless, further work will be required in specific areas as genomics, proteomics and metabolomics to clarify the global role of stress in the cellular mechanisms conducting to SE induction in plants.
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